th birthday. + were detected. The MS/MS spectra acquired on [M+Na] + precursor ions under conditions of collision induced dissociation (CID) were dominated by cleavages at glycosidic bonds. Product ions representing free aglycones were either absent or present at low intensities and were never observed for structures carrying an oligosaccharide bound to a sapogenin at the C3-O-position. In general, product ion series generated from CID fragmentation of glycans bound via an ether bond (e.g., C3-O-position in medicagenic acid) were consistent with the gas phase cleavages of each of the glycosidic bonds within the oligosaccharide, thus revealing the primary structure. In contrast, glycans bound via an ester bond (e.g., C28-O-position in MA) were released as intact sodiated species. A total of 78 pseudomolecular ions demonstrating signal-to-noise ratios above 5 were observed in the MALDI-TOF mass spectrum of unfractionated root extract from M. sativa. Molecular masses of 52 out of 78 were consistent with at least one known or novel saponin structure, with 10 of those 52 likely representing doubly sodiated saponin species. Calculated masses of the majority of the known M. sativa saponin structures were matched to experimental pseudomolecular ion masses. MS/MS analysis of unfractionated extract allowed us to propose putative structures for 51 saponins: 15 of these corresponded to the known M. sativa species, 8 to other Medicago genus species and 26 were not reported before for Medicago genus. We submit that the approach described here might serve as a high throughput strategy for evaluating effects of stressors or genetic manipulation on the overall composition of the saponin content of an organism.
saponin characterization: desorption/chemical ionization, D/CI [3] ; field desorption, FD [4] ; californium plasma desorption, 252 Cf-PD [5] ; fast atom bombardment, FAB [6, 7] and liquid secondary ion mass spectrometry, LSIMS [8] ; thermospray, TSP [9] , matrix assisted laser desorption ionization, MALDI [10, 11] and electrospray ionization, ESI [12] [13] [14] , the latter especially attractive in its MS n format [15] [16] [17] . Both, positive and negative ion modes were used and delivered information on molecular mass of intact species. The extent of fragmentation, i.e., cleavages of glycosidic bonds, ring cleavages within glycan moieties and generation of aglycone-specific product ions varied among techniques and, in same cases, among the instruments. An extensive recent study compared the performance of a variety of desorption / ionization mechanisms, ion sources, MS analyzers and fragmentation techniques using purified saponins from Bacopa monnieri as a model [18] .
We note, that the majority of mass spectrometric analyses reported to date were performed on saponins that were purified either off-line, often by a significant number of chromatographic steps or, recently, separated on-line using reversed phase liquid chromatography coupled to ESI mass spectrometer (LC ESI MS/MS) [15, 19] . Contrary to ESI [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and FAB/LSIMS [6] [7] [8] 12, 23, 24] , few studies were published on the application of MALDI Time-of-Flight (TOF) MS in saponin analysis beyond the measurement of molecular masses of intact species [10, 18] . MALDI is well established as an analytical method that is particularly well suited for analysis of mixtures [25] .
There is a growing need for high throughput analytical approaches to meet the demands of a rapidly developing field of plant metabolomics [26, 27] . Separation of analytes is one of the confounding factors in advancement of fast "omics" assays. We set out to examine whether a meaningful fingerprint of a complex mixture of saponins within an unfractionated extract can be obtained by MS using MALDI as an ionization technique. Specifically, we set a goal of addressing the following issues: (1) suitability of MALDI MS in positive-ion reflector mode to analysis of saponin mixtures; (2) type of structural information accessible from tandem MS (MS/MS) analysis of the MALDIgenerated precursor ions of saponins in low complexity samples and, (3) the impact of sample complexity on data quality and information content of MS/MS spectra that are generated from an unfractionated saponin extract. We chose alfalfa (Medicago sativa L.) var. Radius as a model organism since this plant has been thoroughly characterized. The sample set consisted of unfractionated saponin extract derived from alfalfa roots, 2 minor purified fractions (NMAS3 and NMAS4) containing unknown saponin species and 5 M. sativa saponins of known structures (Table 1) .
Hence we were in a position to compare data acquired on the same species in the context of low and high sample complexity. The level of consistency between the two datasets would allow us to establish the applicability of the proposed approach of an organismwide screening of unfractionated saponin mixtures.
Saponins are built from few elemental units, many of them isomeric and the presence of isobaric 1 subunits is common. In Medicago genus, 7 monosaccharides: Ara, Xyl, Api, Rha, Glc, Gal and GlcA (3 isomeric pentoses, 2 isomeric hexoses, 1 deoxyhexose and one hexuronic acid) 2 and 11 sapogenins 3 : 2 carrying two carboxylic groups (MA and ZA), 6 carrying one carboxylic group (Heda, Bayo, Ole; 2-Ole, 2,3-OleCaulo) and 3 carrying no carboxylic groups (SoyA, SoyB and SoyE), with three isomeric pairs (SoyE/Ole, Heda/2-Ole and Bayo/Caulo), form saponin structures reported to date [28] . In addition, isobaric structures can also be encountered and their presence might complicate interpretation of MS/MS spectra. For example, fragment ions representing glycan [HexHexHex] and aglycone 2,3-Ole differ in mass by 0.18 Da. 1 Isobaric structures are defined here as those with identical nominal masses. 2 Abbreviations: pentose: Pen; deoxyhexose: dHex; hexose: Hex; hexuronic acid: HexU. 3 Abbreviations: MA: medicagenic acid; ZA: zahnic acid; Heda: hederagenin; Bayo: bayogenin; Ole: oleanoic acid; 2-ole: 2-β-hydroxyoleanolic acid; 2,3-Ole: 2β,3β -dihydroxy-23-oxo-olean12en-28oic acid; Caulo: caulophyllogenin; SoyA, B, E: soyasapogenol A, B, E.
The presence of isomeric and isobaric subunits poses significant limitations upon the degree of structural detail that is attainable by MS. We have evaluated how many of the known Medicago genus saponin species can be distinguished by a hypothetical MS and MS/MS experiment assuming the accuracy of mass measurement of 75 ppm or better, i.e., mass accuracy level well within the capabilities of our mass spectrometric instrumentation. Tava and Avato [28] compiled the literature data on Medicago genus saponins (M. arabica [24] , M. arborea [29] , M. hybrida [30] , M. lupulina [31] , M. polymorpha [32, 33] , M. sativa [5, 19, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] and M. truncatula [19, [52] [53] [54] and published an extensive review on their structure and activity, listing all known saponins. Using Tava and Avato lists as a starting point, we have generated a library of monoisotopic molecular masses of saponin building blocks: aglycones and glycans (Supplemental Tables A1 and A2 ) and intact saponins (Supplemental Table B ). We have also evaluated a frequency of use of various glycans and aglycones within the known Medicago genus saponins (Figures 1 and 2) . Out of 32 possible molecular mass combinations of mono-, di-and trisaccharides (including 5 isobaric pairs), 11 have never been reported for Medicago genus (Table 2 ). We submit that global characteristics of the distribution of specific glycans and sapogenins within the saponin output of an organism might provide useful information on its overall well-being and metabolic status. Importantly, all above listed attributes of a saponin population are assessable by MS.
Three sets of samples were analyzed: (i) 5 saponin standards listed in Table 1 , (ii) 2 minor purified saponin fractions and, (iii) unfractionated mixture of alfalfa root saponin extract from which the purified saponins were derived. Analyses were performed exclusively in positive-ion reflector mode using either MALDI source with TOF (Voyager DE STR) and TOF/TOF (AB 4700 Proteomics Analyzer) analyzer or oMALDI 1 source with QqTOF (QStar XL) analyzer, all mass spectrometers were from Applied Biosystems (AB). Two different matrices were employed: 2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA).
MS analysis of purified saponins demonstrated that integrity of the analytes was fully preserved in DHB matrix for all three mass spectrometers (data not shown). Both matrices delivered very similar MS spectra; no studies were performed either to establish sensitivity of the method or to compare the limits of detection and selectivity of the two matrices. We note however that for a few saponin species analyzed on AB 4700 (TOF/TOF) mass spectrometer in a 'hot' CHCA matrix, metastable ions indicative of post-source decay (PSD) processes were observed ( Figure 3 ).
The major species in MALDI MS spectra were monosodiated pseudomolecular ions [M+Na] + . These were also observed by others as the predominant species in positive-ion linear mode [10, 11] and in positive-ion reflector mode [18] . Low intensity doubly-sodiated pseudomolecular ions [M+2Na-H] + were also detected. The latter observation differs from the previous account where doubly sodiated species constituted the major type of pseudomolecular ions in the reflector spectra [10] . No protonated molecular ions were detected, as reported before [10, 18] . We conclude that MALDI MS analysis in positive-ion reflector mode produces good quality high resolution spectra and therefore this 1 oMALDI source = orthogonal MALDI source technique is suitable for analysis of complex saponin mixtures.
Of the known saponins in Medicago genus and M. sativa, 59% and 41%, respectively, have at least one isomeric or isobaric counterpart and hence MS/MS analysis is required for their differentiation. Fragment ion nomenclature followed the convention of Domon and Costello [55] , further customized specifically for saponins [10] , illustrated in Figure 4 . Specifically, when the charge is retained on the carbohydrate portion, fragments are designated as A i , B i and C i , where i represents the number of the glycosidic bond cleaved, counted from the non-reducing end. Ions containing the aglycone are labeled as X j , Y j and Z j , where j is the number of the interglycosidic bond counted from the aglycone. The glycosidic bond linking to the aglycone is numbered 0. Multiple glycans are annotated with letters α and β, starting with the longest chain. In the example shown, the chains have the same lengths and a glycan with higher MW was assigned as α.
To determine the scope of structural information discernable from MS/MS of pure saponins, analyses of standard saponin samples were undertaken. Typical MALDI MS/MS spectrum of bidesmosidic derivative of ZA, (Std. 4), is shown in Figure 5 and its structure is depicted in Figure 4 . MS/MS spectrum of saponin Std. 4 acquired under conditions of CID was dominated by cleavages at glycosidic bonds characteristic for the low-energy fragmentation pathway described for PSD of oligosaccharides, glycoconjugates [56] nor Y 2β product ions were seen. We note that facile cleavages of ester linkages were also observed in negative-ion mode FAB [6, 24] . In addition to Y-type ions that include aglycone structure, B-and C-type ions representing aglycone-free product ions were also observed, e.g., B 3α 509.1 and B 3β at m/z 433.1 that were generated from glycans bound at position C3-O and C28-O, respectively. No ions representing free aglycone (ZA) were seen for Std. 4.
The major feature of MALDI MS/MS spectra acquired under conditions adopted for this work was the predominance of product ions derived from glycosidic bond cleavages, with charge retention on reducing and non-reducing ends.
Intensities of product ions representing free aglycone moieties were generally low. These were observed only for saponins with position C3-O either free or occupied by a monosaccharide. No ions specific for retro Diels-Alder fragmentation that were described for EI MS [57] and LSIMS [8, 10] were detected. Likewise, we did not observe charge-remote fragmentations of aglycone structures reported by Zehl et al., [18] for MALDI high energy CID. Except for hexuronic acid-containing glycans (see below and Figures 7 and 8), cross-ring cleavages were either not observed or generated product ions of very low intensity and therefore assignment of linkages and branching within oligosaccharide structures was not possible.
In conclusion, MS/MS analysis of pure saponins or simple saponin mixtures is likely to provide extensive structural information, specifically: (i) composition of glycan(s), (ii) full or partial primary structure of glycan(s) and, (iii) type of bonds (ether vs. ester) by which glycan(s) are attached to a sapogenin. We then evaluated which of the structural features listed above remained discernable in MS/MS spectra acquired on complex mixtures of analytes.
MALDI TOF MS analysis of unfractionated saponin extract from M. sativa roots revealed the presence of a total of 78 ions within the m/z range of 670-1750 (signal-to-noise ratio of 5:1 and higher, Figure 6 ). Nominally, 17 of 78 could be assigned as doublysodiated counterparts of a subset of mono-sodiated pseudomolecular ions but only 10 of 17 demonstrated relative intensities consistent with the low relative abundances of doubly-sodiated ions observed in purified fractions (data not shown).
The MS data were matched to the library of the known Medicago genus saponins (Supplemental Table B ). It was immediately apparent that a number of psesudomolecular ions, including those of high relative intensity, could not be matched to the saponin species reported so far, neither for M. sativa nor for other members of Medicago genus. MS/MS analyses were then undertaken to characterize the unknown saponins detected in the mixture and a subset of them that were observed in purified fractions (NAMS3 and 4).
In comparison to analysis of purified compounds, MS/MS of mixtures presents with a number of confounding factors that are likely to reduce the information content of the spectra. For example, competition for charge might result in lower intensities of precursor and product ions and hence adversely affect spectra quality.
In addition, technical limitations of resolution of precursor ion selection window and the presence of isobaric structures might substantially increase complexity of the spectra rendering data analysis difficult. To experimentally evaluate potential impact of the above listed confounders, we have analyzed 25 pseudomolecular ions within the unfractionated saponin extract. The majority of analyses were successful (21 of 25, see examples in and delivered structural information summarized in Tables 3 and 4 in the text and Table C (Supplement). In the following sections, we will present our approach to interpretation of the data generated by MS/MS analysis of saponin mixtures, will describe in detail few selected spectra (Figures 7-9 ) and will discuss the scope and limitations of this approach.
In interpreting MS/MS spectra, we employed a law of parsimony and selected a minimal number of aglycone-glycan combinations that were consistent with the data. We have found that product ions representing free oligosaccharide structures released from aglycones (B-type ions) constituted the most reliable indicators of the presence of multiple isobaric saponins (see Figures 7 and 8 for detailed description). The first step in data interpretation was to list all distinct oligosaccharide compositions that would match the observed B-type ions of the highest m/z value within a series. We note, that due to molecular mass redundancy of oligosaccharide species, m/z values of some product ions could be explained by more than one isobaric composition (Table B in the Supplement).
In step 2 we calculated, for each of the identified oligosaccharide compositions, all theoretical combinations with the known Medicago sapogenins (Table B in the Supplement) and additional saccharides to match molecular mass of the precursor ion within ±75 ppm accuracy. The wide window of accuracy was set to account for mass errors due to an overlap of unresolved isobaric structures; experimental mass error of 37±11 ppm was calculated on the basis of 7 ions which, by MS/MS, contained single species (no isobaric counterparts). In step 3, we examined whether the additional product ions (of B-and Yseries) would provide evidence in support of specific structures and/or deem some of them as unlikely.
In some cases, differentiation among multiple isobaric candidates could unequivocally be made on the basis of the observed B-type and/or Y-type ion ladders. In regard to Y-type ion ladders we note that they were not uniformly detected in the mixture analysis even when they were observed in MS/MS spectrum of the same purified species (data not shown). To account for the possibility of a failure of Y-type ion detection, its absence resulted in assigning lower confidence to the proposed structures rather than eliminating them from further consideration. On the other hand, the presence of Y-type ions carried the same level of diagnostic value as B-type ions did.
Due to the limitations of resolution of the precursor ion selection window (especially in the case of TOF/TOF analyzer), the isolation of a single precursor ion for MS/MS was not always feasible. Therefore, while interpreting the data, we always considered the possibility that some of the product ions could have been derived from a close neighbor of the target precursor. In these cases, detection of aglycone-containing product Y-type ions was vital for high confidence assignment of parent structures.
The examples of MS/MS spectra generated from saponin precursors in unfractionated extract are illustrated in Figures 7 and 8 . glycan from which they were derived was bound via an ether bond and indicated that hexose occupied the peripheral position within the trisaccharide, while hexuronic acid was placed in the middle. The While no aglycone-derived ions were observed, isobaric Bayo or Caulo were proposed as potential aglycones since they were the only known M. sativa sapogenins that matched the 'leftover' mass resulting from subtracting the mass of the identified glycan from the mass of the precursor ion.
Strong product ions consistent with losses of 62 Da and 92 Da, often accompanied by losses of 18, 80 and 116 from B-type ions, were characteristic for the hexuronic acid-containing structures. In Figure 7 Panel 
-[2'-(β-D-glucopyranosido)-4'-(β-Dglucopyranosido)-β-D-glucuronopyranosido]-21-β-tigloyl-22-α-acetylprotoescigenin] that was analyzed by ESI LC MS/MS in QTrap mass spectrometer; the mechanism of its formation was not proposed and its [B 2α -62] counterpart was not reported [58].
As described above, structure assignment originates from detecting distinct B-type ions specific for a defined number of oligosaccharide compositions. Hence, even a cursory examination of MS/MS spectra for the presence of B-type ions provides immediate information on the level of heterogeneity within each of the pseudomolecular ions analyzed by MS/MS. MS/MS spectrum generated from a mixture of at least 5 isobaric precursor ions (m/z of 1275.5, see Figure 6 inset) is shown in Figure 8 . To the best of our knowledge, no M. sativa saponins consistent with this molecular mass were reported to date. However, in M. truncatula, there are three potential candidates, all of them of a composition 3-O-(Glc-Glc)-28-O-(Pen-Rha-Ara)-ZA and varying in the pentose isomer occupying the C28-O site (Ara, Api and Xyl for structures A, B and C, respectively) [54] .
The full range MS/MS spectrum of precursor ion 1275.5 is shown in top panel I of Figure 8 . (Figure 8 panel I) . Ion Once the first step of analysis indicated the presence of 5 different species, all represented by a single pseudomolecular ion 1275.5, a process of deriving their full structures followed data interpretation steps 2 and 3, described above. In some cases, a single aglycone-glycane combination would match the data. While theoretically the latter structures are discernable by MS/MS, the data acquired on saponin mixture did no allow for their differentiation (Table 4 ).
In conclusion, we have found evidence that the pseudomolecular ion at m/z 1275.5 comprises at least 5 different structures, including at least one of the isomeric ABC species reported for M. truncatula. (Figure 10 ). Species 40A is isobaric with the known esterified saponin 40B: [34] . We were not able either to confirm or rule out the presence of the 40A structure in the saponin mixture since the low abundance and proximity of ion #40 to abundant ion #41 prevented its analysis. Witkowska et al. 
55B,C 
57A,B,C 5 * 1275.59 1252.57 22 347.1; 433.1 ZA 
Arb; Trun [29] , [54] 70 1539.69 1516.66 28 ZA
Arb [29] 1 Pseudomolecular ions matched to known saponins on the basis of MW or identified by MS/MS; species marked with an asterisk were subjected to MS/MS analysis. 2 Mass errors that significantly differ from average (37±11 ppm) likely reflect the presence of unresolved isobaric structures. 3 List of known structures was assembled from the paper by Tava & Tabato [28] . 4 Abbreviations: Ara=M. arabica, Arb=M. arborea, Hyb=M. hybrida, Trun=M. truncatula 5 Structures of saponins that are not discernable by MS/MS from isobaric counterparts shown in the 2 All listed structures that fit MS/MS are considered equivalent due to the absence of any differentiating evidence. 3 High confidence structures are supported by detection of at least one Y-type ion. Positions of attachment are based on observation of characteristic fragmentation pattern described in the paper for 3-O-and 28-O-bound glycans. Dashes in glycan structures signify that sequence information was inferred from the MS/MS data. 4 Medium confidence structures are based on detection of diagnostic B-type ions and lack of unique supporting ions. A summary of the results of the study is given in Supplemental Table C. The majority of the known M. sativa structures were matched to the pseudomolecular ions that were detected in MALDI TOF MS analysis of unfractionated extract ( Figure  6 ). Identities of 18 known M. sativa saponins were confirmed by MS/MS. Modified saponins were not detected in unfractionated M. sativa root extract (e.g., methyl esters, malonated derivatives). It is not clear whether they were not present in our extract or if their detection under MALDI conditions was compromised. We note that some of methyl esters of saponins are likely the artifacts of sample handling rather than genuine in vivo modifications, as reported by Tava et al., [59] . The malonated species that are thermally unstable [60, 61] , were observed at high levels in M. sativa by Huhman and Sumner [19] who used LC ESI MS/MS in negative ion mode for their detection.
A number of saponins whose molecular masses and MS/MS fragmentation patterns were consistent with structures previously characterized in Medicago species other than M. sativa were also detected (13 pseudomolecular ions consistent with 15 distinct structures out of which 8 were confirmed by MS/MS, Table 3 ).
In addition, we propose 28 new saponin structures (Table 4) . Depending on the level of supportive evidence stemming from the presence or absence of Y-type ions, we classified the proposed saponin structures as those of high and medium confidence, respectively. Of the proposed new structures, 24 were derived exclusively from MS/MS analysis of the unfractionated extract only. The other 4 were analyzed either in both the extract and the fractions (2) or in the fractions only (2).
We conclude that despite high complexity of MS/MS spectra of saponins analyzed in unfractionated sample, a lot of information on their basic structural elements was gained. B-type ions played a major role in unraveling compositions of distinct saponins of the same nominal mass. Complementary Y ions allowed for a refinement and differentiation among possible isomeric and isobaric structures. The presence of specific fragmentation ladders pointed to the present of HexU in the glycan. Taken together, we were able to demonstrate a significant complexity of the sample and to partially characterize novel saponin species without reverting to extensive purification procedures. In order to gauge a level of molecular mass redundancy in saponin families, we propose to utilize a metric that we have termed "isobaric index". We define isobaric index as a ratio between a total number of isobaric saponin structures that are discernable by MS/MS and a total number of unique molecular masses representing these structures (Table  5 ). Isobaric indices calculated for known saponins in Medicago genus and in M. sativa were 1.5 and 1.2, respectively. In contrast, isobaric index calculated for a subset of saponins identified in this study was 2.1. This value translates to the presence of more than 2 distinct saponin structures for each molecular mass. The high isobaric index value of the M. sativa saponin set analyzed by MS/MS in this study reflects a high diversity of saponin structures and suggests that the complexity of saponin families in any single organism might be higher than it is currently appreciated.
Global MS-based examination of saponin content in different Medicago species would generate more data on the level of structural heterogeneity within each organism. To assure comprehensive analysis, a combination of different methods of ionization and detection should be employed since some saponins might be differentially detected under different conditions.
In conclusion, the MALDI-based MS/MS strategy allowed for analysis of complex saponin mixtures in a system-wide fashion while employing a minimal number of processing and handling steps. The resulting low-resolution fingerprint of the mixture provided characteristics of the sample in terms of a minimal number of distinct saponins of unique Isolation of the total saponin mixture was performed exactly as described in reference [34] . Briefly, finely powdered Alfalfa roots were defatted with methylene chloride, extracted with 80% MeOH and, following removal of alcohol, purified by reversed phase chromatography (C18 column) using a step-wise elution with 30% MeOH (to remove contaminants) and 100% MeOH (to recover saponins).
Fractionation of saponins:
The total saponin mixture (5 g), obtained according to the procedure described above, was dissolved in n-butanol saturated with water and applied to a silica gel column (80 x 4 cm, 40 μm, J.T. Baker). The column was washed with n-butanol saturated with water to yield eight fractions. The eighth fraction was evaporated to yield minor saponin mixture (0.32 g). The procedure was repeated five times and a combined fraction of minor saponins (1.6 g) was dissolved in water, loaded on a column (32 x 2. 
Chemical analysis of minor isolated saponins:
The obtained saponins were hydrolyzed and the aglycone and sugar content was compared to that of standards according to the known method [34] , giving the following results: NMAS3 -Aglycone: zanhic acid -Sugars: ara, xyl, rha, glcA NMAS4 -Aglycone: zanhic acid -Sugars: glc, ara, xyl, rha, glcA Saponin relative mobilities (R f values) and sample purity were evaluated by a combination of standard TLC assays, summarized in the Table  6 , below. Sample preparation for MS analysis: Samples were reconstituted in 50% acetonitrile in water to a final concentration of 1-2 μg/mL. All MALDI MS analyses of saponins were performed in positive ion reflector mode and utilized two matrices 2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA). For MALDI TOF MS analysis on the Voyager DE STR, samples were mixed with DHB (10 mg/mL in 50% acetonitrile/0.1% TFA) and NaCl in water (10 mg/mL) at a ratio of 1:1:1 and 1 μL was deposited onto a stainless steel target. The same sample preparation was employed for analyses on the AB 4700 TOF/TOF mass spectrometer. In addition, an alternative procedure for 4700 experiments that utilized CHCA matrix (5 mg/mL in 50% ACN/0.1% TFA containing 10 mM dibasic ammonium phosphate) was performed: CHCA matrix was mixed with the sample at 1:1 ratio directly on the target. For MS/MS analyses on an oMALDI qQTOF instrument (QStar XL, Applied Biosystems), samples were mixed 1:1 with DHB matrix from Agilent directly on the target. 50 and measured with an accuracy of 30 ppm. For collision-induced dissociation (CID), the collision cell was floated at 1 kV (or 2 kV), the precursor ion selection window was varied from 3-10 m/z and air was used as the collision gas at 5x10-7 Torr. Analysis of Voyager DE STR and 4700 data employed Data Explorer v.4.9. Operation of the QStar XL equipped with an oMALDI 2 source was controlled by Analyst QS 1.1 software. Argon was used as a collision gas (CAD 6.0). Collision energy was typically set to 55 eV but was manually adjusted to optimize performance for precursor ions of varying lability. Data were analyzed using BioAnalyst Software (MDX Sciex/Applied Biosystems). 
MS and MS/MS analyses
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